Purpose: The efficiency of radiation delivery via volumetric modulated arc therapy (VMAT) is indisputable, but outcomes after VMAT for thoracic esophageal carcinoma are largely unknown. Methods and materials: We retrospectively analyzed 65 patients with thoracic esophageal cancer who received VMAT to 50.4 Gy (range, Gy) with concurrent chemotherapy from November 2012 to March 2016 at a single tertiary cancer center. We then used propensity score matching to match these 65 patients with 130 other patients treated with step-and-shoot intensity modulated radiation therapy (ssIMRT) and concurrent chemotherapy. Differences in continuous and categorical variables were examined with independent-sample t or Wilcoxon tests and c 2 tests. Results: Dosimetrically, VMAT had a higher conformity index (87.75 AE 10.70 VMAT vs 83.20 AE 9.42 ssIMRT, P Z .003), a higher heart V5, and a lower V50 than ssIMRT, but lung V5-20, heart V30, heart V40, cord max , and homogeneity index were similar. At median follow-up intervals of 14.3 months (range, 3.8-34.5 months) for VMAT and 31.8 months (range, 1.8-117.2 months) for ssIMRT, overall survival rates were similar between the treatments (93.5% VMAT vs 91.5% ssIMRT at 1 year; 60.0% VMAT and 61.4% ssIMRT at 2 years; P Z .868). Recurrence-free survival rates were similar (73.3% VMAT vs 79.5% ssIMRT at 1 year, 59.9% VMAT and 61.8% ssIMRT at 2 years; P Z .614), as were pathologic complete response rates (31.2% VMAT vs 23.3% ssIMRT; P Z .41) and toxicity and postoperative complications (radiation pneumonitis 9% VMAT vs 15.4% ssIMRT; pericardial effusion 2% VMAT vs 7% ssIMRT; esophageal fistula and stricture 9% VMAT vs 13% ssIMRT; all P > .05). Conclusion: Compared with ssIMRT, VMAT had better target conformity with similar organ sparing and comparable rates of survival, recurrence, and toxicity. These results suggest that VMAT can be safe and effective for esophageal cancer.
Introduction
Radiation therapy, whether administered as neoadjuvant or definitive treatment, is effective for localized esophageal cancer and is given most often with concurrent chemotherapy. Preoperative radiation with concurrent chemotherapy followed by surgery is the current standard treatment for operable esophageal cancer, with 5-year overall survival (OS) rates of up to 47%. [1] [2] [3] Significant technologic advances have been made in radiation therapy techniques over the past 20 years, and static intensity modulated radiation therapy (IMRT) has become widely used for esophageal cancer because of its dosimetric advantages over 3-dimensional conformal radiation therapy (CRT) in terms of target conformity and homogeneity and its ability to spare the lungs and heart. [4] [5] [6] These dosimetric advantages may translate into improvements in the therapeutic ratio and reduced toxicity. 6, 7 One retrospective study that compared the long-term outcomes of patients with esophageal cancer after 3-dimensional CRT (n Z 413) or IMRT (n Z 263) demonstrated that rates of OS, local-regional control, and cardiac death were significantly better after IMRT. 6 Volumetric modulated arc therapy (VMAT) is a newer type of IMRT in which IMRT is delivered by combining continuously rotating gantry motion with simultaneous variations in dose rate, gantry speed, and segment shape. 8 Compared with static IMRT, VMAT can achieve similar or superior dosimetry in a much shorter delivery time 9, 10 and has been shown to be equally effective for head and neck cancer, prostate cancer, and lung cancer. [11] [12] [13] However, little is known about the effectiveness of VMAT for carcinoma of the thoracic esophagus. To address this gap, we retrospectively analyzed dosimetric and clinical outcomes after VMAT for patients with carcinoma of the thoracic esophagus treated at a single institution.
Methods and materials Patient population
We retrospectively reviewed patients with carcinoma of the thoracic esophagus who underwent radiation and concurrent chemotherapy at a single tertiary cancer center. Patients who had an alternative radiation scheme (dose >50.4 Gy or <45 Gy), hematologic metastasis or cervical esophageal carcinoma, and incomplete follow-up information were excluded from the study. Ultimately, we identified 65 patients who were treated with VMAT and concurrent chemotherapy from November 2012 through March 2016 and 487 patients who were treated with stepand-shoot IMRT (ssIMRT) and concurrent chemotherapy from March 2005 through April 2016. Disease staging in all cases was done with full-body positron emission tomography/computed tomography (PET/CT) scanning and esophagogastroduodenoscopy with endoscopic ultrasonography (EGD/EUS). Fine-needle aspiration was used as needed to sample nodes suspected of harboring disease. Clinicopathologic characteristics such as tumor invasion, nodal metastasis, and disease stage were classified on the basis of the TNM classification system by the International Union against Cancer, 7th edition.
Treatment
All cases were discussed by a multidisciplinary team before treatment was initiated, and the plan in all cases was to administer preoperative concurrent chemoradiation therapy. Patients with advanced disease were given induction chemotherapy with the choice of induction and concurrent chemotherapy regimens at the discretion of the treating medical oncologists. Chemotherapy agents were fluorouracil or paclitaxel/docetaxel based. All patients completed concurrent chemoradiation therapy. At 1 month after the concurrent chemoradiation therapy, treatment response was evaluated with PET/CT scans and EGD/EUS. Radiation oncologists, medical oncologists, and thoracic surgeons evaluated these responses in light of patients' performance status, comorbidities, and preferences and decided at that time to proceed with surgery or observation.
Treatment planning for VMAT and ssIMRT
Four-dimensional CT scans (5 mm slice thickness) were obtained for treatment planning with patients positioned supine with their arms above their head and immobilized with a thermoplastic body mask. Gross tumor volume was defined on the basis of PET/CT scans and EGD/EUS and was contoured on the 4-dimensional CT simulation scan. The clinical target volume was defined as the gross tumor volume with 3 to 5 cm superior-inferior margins and 1 cm lateral and anteriorposterior margins and included positive nodes with 1 cm uniform margins.
The planning target volume (PTV) consisted of the clinical target volume with additional 0.5 cm margins. All PTVs and organs at risk (OARs) for both VMAT and ssIMRT were contoured with a Pinnacle treatment planning system, Version 9.10. In principle, the dose prescription was designed to cover 95% of the PTV with 50.4 Gy in 28 fractions or 45 Gy in 25 fractions. For ssIMRT, 4 to 9 fields were used. The manufacturer's direct machine parameter optimization module was used for treatment planning, and 4 to 9 angles were used to evenly separate coplanar fields. For VMAT, 2 to 4 coplanar arcs were used. Daily cone beam CT images were generated before each treatment session for each patient to verify the set-up, and daily corrections were done manually by technicians.
Dosimetric evaluation
All dose-volume histogram (DVH) parameters of targets and OARs were extracted and calculated from the Pinnacle treatment plans. Dosimetric variables were compared by analyzing DVHs from 65 patients with VMAT and 130 patients with ssIMRT. Data are reported as mean doses and volume receiving more than x dose of the various OARs. Dose homogeneity was evaluated with a conformity index (CI) and target conformity to the PTV with a homogeneity index (HI). Higher CI values and lower HI values indicated better conformity and homogeneity of the dose to targets.
Treatment response and toxicity
We evaluated the preliminary treatment results and toxicity, especially pulmonary toxicity and postoperative complications, in patients with thoracic esophageal cancer treated with VMAT or ssIMRT. Tumor responses were classified as complete response, partial response, stable disease, and progression on the basis of the Response Evaluation Criteria in Solid Tumors, Version 1.1. Clinical complete response was defined as no evidence of disease on both PET/CT and EGD/EUS and no residual tumor on biopsy. Treatment-related toxicity was assessed retrospectively from patient records and grades assigned according to the Common Terminology Criteria for Adverse Events, Version 4.0 and the Radiation Therapy Oncology Group criteria. Toxicity was evaluated by physicians once a week during chemoradiation therapy and at every follow-up visit after treatment.
Follow-up
The first follow-up visit was scheduled for 1 month after chemoradiation therapy/surgery, and follow-up PET/ CT, EGD/US, and hematologic examinations were performed. Subsequent follow-up visits were scheduled every 4 months for the first year, every 6 months for the second year, and annually thereafter, with the same studies and tests performed, if possible.
Propensity score matching
To reduce bias resulting from the retrospective nature of this study and to enhance comparability between the treatment groups, we used propensity score analysis. Patients were matched by propensity scores based on age, sex, clinical tumor stage, PTV, tumor location and histology, receipt of induction chemotherapy, and receipt of surgery. We ultimately matched the 65 patients who received VMAT with 130 patients who received ssIMRT (1:2 ratio, caliper 0.10). Characteristics of all eligible cases and propensity scoreematched pairs are summarized in Table 1 .
Statistical analysis
Each variable was compared between the 2 treatment groups with an independent-sample t or Wilcoxon test for continuous variables and c 2 test for categorical variables. Rates of OS, recurrence-free survival (RFS), and progression-free survival (PFS) were calculated with the KaplaneMeier method with group estimates compared with log-rank tests. OS, RFS, and PFS were measured from the date of initial treatment. P values were twosided, with a value < .05 indicating statistical significance. SPSS software, Version 23.0 was used for statistical analysis, and R software was used for propensity score matching. GraphPad Prism, Version 5.0 was used to construct the Kaplan-Meier survival curves. Figure 1A presents a DVH plot of averaged PTVs and OARs from plans of patients who were treated with VMAT (n Z 65) and patients who were treated with ssIMRT (n Z 130) for esophageal cancer. Figure 1B presents the axial views of the dose distribution. The VMAT plans were slightly superior to ssIMRT in terms of Advances in Radiation Oncology: JulyeSeptember 2017
Results

Dose-volume analysis of target coverage and OARs
Outcomes of esophageal cancer after VMAT conformity and were similar to ssIMRT in terms of sparing the OARs. Dose distributions for the PTVs and OARs of VMAT (n Z 65) and ssIMRT (n Z 130) for esophageal cancer are shown in Table 2 . These data are presented as the averages over all patients, and errors are shown as standard deviations. This comparison indicates that the CI for VMAT was higher than that for ssIMRT (87.75 AE 10.70 vs 83.20 AE 9.42, respectively; P Z .003) and that the heart V5 was higher and the heart V50 was lower for VMAT compared with ssIMRT. Values for lung V5-20, heart V30, heart V40, cord max , and HI were similar for the 2 treatment groups (all P > .05).
Survival
The median follow-up interval was 14.3 months (range, 3.8-34.5 months) for patients treated with VMAT and 31.8 months (range, 1.8-117.2 months) for patients treated with ssIMRT. The 2 groups showed similar OS rates at 1 year and 2 years (93.5% VMAT vs 91.5% ssIMRT at 1 year and 60.0% VMAT vs 61.4% ssIMRT at 2 years; P Z .868) and similar RFS (73.3% VMAT vs 79.5% ssIMRT at 1 year and 59.9% VMAT vs 61.8% ssIMRT at 2 years, P Z .614) and PFS rates (61.7% VMAT vs 68.4% ssIMRT at 1 year and 50.5% VMAT vs 53.8% ssIMRT at 2 years; P Z .471). The OS and RFS curves are shown in Figure 2 .
Treatment response
Response rates were also no different in the 2 treatment groups. The clinical complete response rates were 53.8% for the VMAT group and 45.5% for the ssIMRT group (P Z .278). Among the 32 patients who underwent surgery after VMAT with concurrent chemotherapy, the pathologic complete response (pCR) was 31.2%. The pCR rate among the 60 patients who underwent surgery after ssIMRT with concurrent chemotherapy was 23.3% (P Z 0.41).
Toxicity
The incidence and severity of chemoradiation therapyeinduced toxicity are shown in Table 3 . The types of toxicity experienced were similar for VMAT and ssIMRT, with radiation pneumonitis rates of 9.2% in the VMAT group and 15.4% in the ssIMRT group (P Z .233). No patients in the VMAT group experienced grade !3 radiation pneumonitis, but the ssIMRT group had 2 grade 5, 1 grade 4, and 1 grade 3 episodes of radiation pneumonitis. Surgical complications (eg, pneumonia, respiratory insufficiency, atrial fibrillation, anastomotic leak, and wound infection) were also comparable between the groups (Table 4) as were the length of hospital stay and number of postoperative deaths within 30 days (P > .05).
Discussion
To our knowledge, this is the first report of dosimetric variables and clinical outcomes after VMAT with concurrent chemotherapy for patients with thoracic esophageal cancer. To reduce bias associated with the retrospective nature of this study and to explore potential dosimetric and clinical advantages of VMAT over ssIMRT, we matched and compared patients who had undergone VMAT with those who had undergone ssIMRT. Our findings suggest that VMAT for thoracic esophageal cancer could provide slightly better target conformity but similar homogeneity and sparing of normal tissue. Furthermore, VMAT resulted in encouraging and comparable rates of survival, recurrence, and pCR without increasing chemoradiation therapyerelated toxicity or surgical complications compared with ssIMRT.
Although static IMRT has largely replaced 3-dimensional CRT as the standard radiation technique for the treatment of a variety of cancers, VMAT is a novel type of IMRT that is becoming increasingly popular because of the speed at which the radiation can be delivered. Delivery times reportedly can be reduced by 50% to 70% with VMAT compared with static IMRT. 9, 10, 14, 15 VMAT resulted in similar or better target conformity and homogeneity, with slightly higher V5 but reduced high-dose radiation of the lung and heart compared with static IMRT.
9,10,16 Specifically, we found that PTV homogeneity and OAR sparing were similar for the 2 techniques but that VMAT delivered better PTV conformity.
In our study, VMAT did not increase the risk of radiation pneumonitis, pulmonary fibrosis, or pleural effusion compared with ssIMRT. VMAT also seemed to confer a lower risk of radiation pneumonitis (9.2% vs 15.4% for ssIMRT), although this apparent difference was not statistically significant (P Z .233). It is tempting to speculate that the apparent reduction in lung V20-V25 with VMAT may have reduced the corresponding risk of radiation pneumonitis; however, the small number of patients in our study precluded our ability to test this speculation. Future larger studies are needed to address this point. 
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Outcomes of esophageal cancer after VMAT Cardiac complications have been reported to be related to heart V30 and higher as well as mean heart dose. 17, 18 A study of 101 patients with inoperable esophageal cancer who were treated with chemoradiation therapy showed a significant increase in the risk of pericardial effusion when the mean pericardial dose exceeded 26.1 Gy (73% vs 13%, P Z .002). 18 Thus, reducing the radiation dose to the heart may reduce morbidity and even possibly longterm non-cancer-related mortality. In our study, VMAT led to smaller amounts of the heart being exposed to highdose radiation (V50), which might be expected to reduce the risk of radiation-induced heart disease.
VMAT has been used to treat several kinds of cancers, particularly those of the head and neck and prostate 12, 13 ; however, only a few studies, all with a small number of patients, have reported the clinical outcomes after VMAT. This study is among the first to report detailed treatment outcomes after VMAT for esophageal cancer. In brief, the OS, RFS, and PFS rates in our study were similar or more favorable compared with those of other published studies. Our estimated OS rates for 65 patients consecutively treated with VMAT of 93.5% at 1 year and 60% at 2 years compare well with those of our ssIMRT cohort and with other recent studies showing OS rates to be above 80% at 1 year and 42.8% to 61.4% at 2 years. [19] [20] [21] However, the follow-up interval for the ssIMRT cohort was much longer than that of the VMAT cohort, which may result in biases. pCR is an independent favorable prognostic factor for survival and recurrence among patients who received neoadjuvant chemoradiation therapy for esophageal cancer. [22] [23] [24] Our observed pCR rate of 31.2% after VMAT is in line with the pCR rate for our ssIMRT cohort and with those of previously published studies (18%-43%). 3, 25, 26 Our study further showed that toxicity associated with VMAT, given with concurrent therapy, was largely low grade and tolerable. The most common form of toxicity in both groups was esophagitis, which did not exceed grade 3 in either group. The most common late side effect was esophageal stricture, 20, 27 which was observed in 12.3% of patients in the VMAT group and 10% of patients in the ssIMRT group. The rates of esophageal stricture and fistula in our study did not differ between the 2 treatment groups. Moreover, VMAT did not lead to a higher incidence of feeding tube placement (23.1% VMAT vs 24.6% ssIMRT), and those rates were lower in both groups than what has been reported elsewhere (40%). 21 The occurrence of severe postoperative complications has been associated elsewhere with both worse survival (hazard ratio, 2.099; 95% confidence interval, 1.137-3.878; P Z .018) and increased risk of recurrence (odds ratio, 2.100; 95% confidence interval, 1.008-4.366; P Z .048). 28 We found no difference between treatment techniques in terms of total postoperative complications, 30-day mortality, or length of hospital stay, and the rates of these complications were similar to those from other studies. Postoperative complications have been experienced by 22.8% to 49% of patients with esophageal cancer treated with preoperative chemoradiation therapy followed by surgery [29] [30] [31] [32] [33] and included pulmonary complications (5.7%-48.3%), 1, 3, 26, 29, 32, 33 respiratory failure (5.7%-8.3%), 1, 29 pneumonia (20.8%), 1 cardiac complications (5.7%-24.1%), 3, 26, 29, 32, 33 and anastomotic leakage (2.9%-22%). 1, 3, 26, 29, 32 Whereas our postoperative 30-day mortality rate was 3%, the rates in other studies have ranged from 2.5% to 24%. 3, 26, [29] [30] [31] [32] [33] Our mean length of hospital stay (11.3-11.8 days) was also no longer than the median of 11.5 to 27 days reported by others. 1, 30 Collectively, these results indicate that toxicity in our study was better (or at least no worse) than that in previously published studies. These encouraging results show the feasibility of VMAT as a component of multimodality treatment for esophageal cancer.
Our study had several limitations. Chief among them were the relatively small patient numbers and short follow-up period. Nevertheless, we found that VMAT, compared with ssIMRT, produced slightly superior plans and similar organ sparing. Our findings further suggest that VMAT can be a safe and effective treatment for locally advanced esophageal cancer in terms of survival and recurrence with acceptable complications, despite the small number of patients. Prospective studies with larger numbers of patients are needed to extend these results and establish VMAT as an effective component of treatment for esophageal cancer. ssIMRT, step and shoot intensity-modulated radiotherapy; VMAT, volumetric modulated arc therapy.
